One contribution of 12 to a theme issue 'The terrestrial laser scanning revolution in forest ecology'. Laser scanning with its unique measurement concept holds the potential to revolutionize the way we assess and quantify three-dimensional vegetation structure. Modern laser systems used at close range, be it on terrestrial, mobile or unmanned aerial platforms, provide dense and accurate threedimensional data whose information just waits to be harvested. However, the transformation of such data to information is not as straightforward as for airborne and space-borne approaches, where typically empirical models are built using ground truth of target variables. Simpler variables, such as diameter at breast height, can be readily derived and validated. More complex variables, e.g. leaf area index, need a thorough understanding and consideration of the physical particularities of the measurement process and semantic labelling of the point cloud. Quantified structural models provide a framework for such labelling by deriving stem and branch architecture, a basis for many of the more complex structural variables. The physical information of the laser scanning process is still underused and we show how it could play a vital role in conjunction with three-dimensional radiative transfer models to shape the information retrieval methods of the future. Using such a combined forward and physically based approach will make methods robust and transferable. In addition, it avoids replacing observer bias from field inventories with instrument bias from different laser instruments. Still, an intensive dialogue with the users of the derived information is mandatory to potentially re-design structural concepts and variables so that they profit most of the rich data that closerange laser scanning provides.
Introduction
Within forests, the horizontal and vertical arrangement of plants has a large impact on ecological processes, such as competition, carbon balance, and nutrient and water cycling. This large role of forest structure for ecosystem functioning establishes a link between structure and diversity [1, 2] , making forests of special relevance for biodiversity [3] . For instance, light scattering within the forest is strongly influenced by vegetation structure and can itself feed back to structure, as light availability is an important aspect of plant establishment and survival. Thus, forest ecologists have long sought to describe the structure of forests, e.g. by measuring foliage profiles [1] or by establishing semantics and topology of tree architecture, such as Halle [4] . Looking back, the used tools may appear to be simple: MacArthur & Horn [1] used adapted photographic cameras to estimate the height and abundance of leaves in the canopy, while Halle [4] used observations and drawings to derive modular structural concepts of tropical trees.
However, the variables of interest are still very relevant today. MacArthur & Horn [1] provided a method to derive a biophysical parameter (the foliage profile) devoid of architectural semantics or topology. The aim of Halle [4] was to represent the complex tree architecture in forms of smaller, repeating patterns, effectively capturing the tree structure and semantically labelling the constituent objects (e.g. shoots, leaves and branches).
Nowadays, laser scanning is a unique and established technology, offering a convenient way to assess threedimensional vegetation structure. Laser scanning can be applied on different scales, from airborne systems to very high-resolution ground-based sensors. Such systems provide extremely dense and illustrative datasets, named 'point clouds'. Opposed to traditional airborne laser scanners (ALS), close-range laser systems provide point clouds where stem, branches and even single leaves are resolved and easily identified by the human observer (figure 1). The point cloud itself is, however, devoid of any semantic information or topology. As the datasets are typically very large and unorganized, the meaningful derivation of information is a major challenge and remains an obstacle in the way of widespread application of this technology in ecology.
Traditionally (i.e. for ALS), many forest variables were derived in an empirical fashion by correlating field inventoried parameters (biomass, stem volume, basal area) with a set of ALS-derived predictor variables [5, 6] . Such approaches are infeasible with close-range laser scanning, as it is very time consuming and in most cases impossible to provide ground truth at the relevant scales (branches, leaves). Hence, for close-range laser scanning, a different, forward approach is needed to convert data to information, without the need for prior information. This manifests the particular relevance of semantic labelling and physically based approaches for close-range laser scanning.
In this paper, we will highlight the physical basics of laser scanning, provide some relevant technical information on current implementations in instruments ( §2) and introduce a selection of methods that convert data to information ( §3), divided into physical approaches and semantic labelling. In addition, we will discuss and illustrate the problematic validation of close-range laser scanning-derived variables and a possible solution by radiative transfer modelling of the measurement process ( §4). Furthermore, we will show that different types of instruments provide valuable information across scales ( §5). Concluding, we discuss what will be needed to make the most of this recent technology for forest structure assessments.
Laser scanning: principles and implementations
Although the terms LiDAR and laser scanning are often used synonymously, strictly speaking, a LiDAR (light detection and ranging) is only one part of a laser scanning system. With LiDARs, a laser pulse is used to measure distances between the instrument and reflecting objects (e.g. leaves, branches or stems). The distance can either be computed using the time-of-flight of a laser pulse or the phase difference of an amplitude-modulated signal. Using the instrument's location and orientation, this distance measurement can then be converted to a three-dimensional coordinate. In terrestrial laser scanning systems, high precision measurements of the instrument rotational angles (azimuth and elevation) provide data in a local, polar coordinate system, i.e. the scanning is performed by rotating the instrument in two dimensions, while the instrument itself is stationary. On the other hand, differential GPS and inertial navigation systems are used alongside a physical scanning mechanism to transform a LiDAR into a laser scanner in airborne systems. In these systems, only one dimension is covered by the scanner, generally with a narrow field of view, while the second dimension to get two-dimensional coverage is covered by the platform movement itself. These distinct scanning approaches lead to large within point cloud differences in point spacing, footprint size and occlusion, which need to be considered when deriving physically based information such as plant area index (PAI).
Since the scanning frequencies of modern systems have moved beyond the megahertz mark (i.e. more than 100 000 distance measurements per second), very dense point clouds of the three-dimensional coordinate triplets can be obtained. Most modern laser scanning systems are inherently full waveform (FW), recording the backscattered energy over time (and range) and using processing such Gaussian decomposition to detect the range distances of reflecting objects. FW systems also provide the backscattered z y x Figure 1 . Laser scanning point cloud as obtained by multi-view terrestrial laser scanning in a mature temperate beech forest in leaf-off conditions. Each dot has an exact three-dimensional coordinate and the brightness of the points is depicting the strength of the backscattered signal.
rsfs.royalsocietypublishing.org Interface Focus 8: 20170046 energy (opposed to just amplitude) [7] and allow for the derivation of higher order moments potentially useful for discrimination of vegetation traits [8] . Using the intensity as an additional source of information, detailed and to the human eye informative visualizations of the point clouds can be made. These have since led to high expectations as to what information could be derived from such datasets (figure 1).
Opposed to passive optical imaging, laser intensity is not saddled by the problem of shadows, since the mono-static LiDAR set-up always measures in the 'hot-spot', i.e. the angle of maximum reflectance [9] . Thus, LiDAR intensity should be very well suited to capture the reflectance of objects at the particular laser wavelength and with a properly chosen wavelength, e.g. 1064 nm, it should be possible to differentiate between 'green' and 'brown' biomass. However, one problem of laser intensity in forests (which is valid for all scales, from space-borne to ground based) are effects of partially hit leaves leading to mixed pixels. As the laser footprint, i.e. the area that is illuminated by the laser, has a certain extent, some laser shots may only partially hit leaves or branches. Consequently, the measured intensity is not only a function of leaf reflectance at the laser wavelength (and leaf inclination angle in the case of non-Lambertian behaving leaves), but also of the illuminated area, which can be more or less randomly distributed. For time-of-flight systems, only the intensity is affected by this, but for phase measurements even the range measurement is impaired, leading to ghost points between two partially illuminated reflecting objects, often termed mixed pixels in the literature. If it was not for this setback, phase-based terrestrial laser scanners (TLS) are actually better suited for forest applications, as they scan much faster than time-of-flight systems and are often implemented as panorama scanners, being able to cover the whole hemisphere with one scan.
Time-of-flight systems are often camera or hybrid scanners, where a second scan using a tilt mount is needed to capture the canopy directly above the scanner. Typical example for hybrid, time-of-flight scanners is the Riegl VZ-XXXX range, while FARO and Zoller & Frö hlich are mostly using the phase measurement concept and a full-hemispherical design. A blend of ALS and TLS are mobile laser scanning (MLS) systems and laser scanners mounted on ultra-light aerial vehicles (UAVs or drones). MLS systems are typically using cars as the measurement platform, which limits the application in forests somewhat. These systems also generally have a close range to the objects of interest, so that branches and potentially leaves can be resolved, but use the advantage of the moving platform to cover more area. Depending on the choice of platform, the distribution of echoes and the perspective of the point cloud can be very different, making cross-comparisons between MLS, TLS and UAV laser scanning (UAVLS) difficult ( §5.2). For a technical reference, see [10] ; and for an overview of forest applications, see [11] . The latter also provides very relevant theoretical considerations for LiDAR systems in forested environments [11, ch. 2 and 3].
The point cloud: from data to information
As discussed above, modern laser scanning systems can produce a wealth of data, quickly reaching several gigabytes of points per plot unit or even within a single scan. In contrast to image data, where pixels in a grid establish spatial reference and neighbourhoods and enable efficient compression, these data are unorganized and much more difficult to store, access and process. Thankfully, with the advance of the LAS format 1 and the open-source compressor LASZip, 2 the former two are less of a problem nowadays; the times where point clouds would mostly come in the flavour of illsuited ASCII files are thankfully over. However, information derivation from the point cloud is still a challenge and we will provide some more details on typical variables and approaches, split into two parts along the lines of the works of MacArthur & Horn [1] ( physical parameters, §3.1) and Halle [4] (semantic labelling, §3.2).
Physical parameters and approaches
Ever since the ground-breaking work of MacArthur & Horn [1] , ecologists have used sunlight and its interception to derive quantitative biophysical parameters such as leaf area index (LAI) or canopy cover. The current state of the art in that respect is digital hemispherical photography (DHP), where below canopy photographs are brightness thresholded and the number of vegetation and sky pixels are computed for a range of azimuth and elevation angles. [12, 13] . When ground-based laser systems became available, first studies showed that the gap fraction information derived by TLS and DHP are very comparable [14] . However, only with TLS is it possible to measure gap sizes, as in DHPs large distant gaps and close small gaps may have the same gap fraction value. TLS produced hemispherical images add a range distance to each pixel, which helps to discern gaps of different sizes at different distances from the instrument. It has been shown that this additional information is very helpful for LAI computation [15] and snow interception modelling [16, 17] .
One problem with estimating gap fraction or LAI from laser scanning systems is that many approaches are very sensitive to changes in sensor and survey configuration. For instance, the echo ratios used by a predictor variable can depend on laser wavelength and echo detection method implemented in a particular system. Although developed for ALS, approaches such as the one of Armston et al. [18] could also contribute to making close-range laser scanning-based biophysical parameters transferable across sites and sensors. Armston et al. [18] basically established a vicarious (i.e. in situ) calibration of their laser-based gap fraction estimate under the assumption of a constant reflectance ratio between canopy and ground. This worked well in the Savannah-type ecosystem used in their study, but its performance needs to be tested in more complex forests and with the different constraints of close-range laser scanning.
TLS-focused studies have also exploited laser intensity, for instance to derive leaf chlorophyll content [19] or wheat nitrogen content [20] . However, as laser intensity can suffer from edge effects making the retrieval of leaf reflectance illposed ( §2), such approaches are better suited in canopies with large leaves (such as in [19] ) or extensive filtering of the point cloud is needed to retain only returns from extended targets, where the laser footprint is fully contained within the reflecting object [20] .
While the information content of the point cloud depicted in figure 1 may already seem overwhelming, the measurement process of laser scanning actually provides much more data. For instance, for each laser shot, we know the origin and the pointing direction, together with detected returns along the one-dimensional range spanned by the LiDAR distance measurement. Thus, we can set up a voxel grid, and trace each shot and populate the voxel with information on how many shots went through, were intersected (i.e. produced returns) or were occluded from a particular voxel. The power of this approach has been introduced to TLS by Bienert et al. [21] and applied and extended to ALS by Kü kenbrink et al. [22] and a similar approach is used in Grau et al. [23] . These approaches provide additional information useful for a better derivation of PAI and help to reduce the data to facilitate segmentation of single trees [21] .
Using the approach from Kü kenbrink et al. [22] , figure 2 shows the occluded voxel in multi-station TLS dataset from a summerly (leaf-on) beech forest (Lägeren, Switzerland). Interestingly, besides below ground and upper canopy (or above the canopy) showing up as occluded, the inside of the stems are also occluded. Thus, the quite simple physics of wood (i.e. that it is not transparent) in conjunction with a ray-tracing approach helps us to bring some semantics into the data, in the form of stem candidate voxel.
An additional feature, which can be derived from FW laser scanning, is the skewness of the echo. It was shown that multiple scattering could lead to asymmetrical return waveforms for large footprint ALS [24, 25] and such effects might also be visible in smaller footprint laser scanning data. For instance, Bruggisser et al. [8] were able to show that the skewness of the echo had some explanatory power in discriminating tree species.
Most laser scanning-based derivations of LAI have effectively computed PAI, as it was not possible to differentiate echoes from leafy and woody canopy components. Hence, the problem of computing true LAI based on laser scanning returns is one of semantic labelling of the point cloud into leaf and wood returns. Here, several approaches seem feasible, e.g. by using a genuine multi-spectral LiDAR [26] or by applying approaches such as the one presented in §3.2 to label stems and branches and then remove those points from the subsequent LAI computation.
Geometric reconstruction and semantic labelling
For trees growing in forests, extensive biomass reference data including allometries are already available [27] . For urban trees, however, such reference data are currently mostly unavailable and this research gap recently received some attention [28] . The Swiss research project REFETREE appointed by the Swiss Federal Office for the Environment seeks to build a reference database of 52 trees distributed over five major cities and 29 species naturally found in the Swiss mid-lands. The trees were measured with conventional field measurement protocols according to the national forest inventory (NFI) and the following variables were derived: tree height, diameter at breast height (DBH), crown diameter and crown base height. Later, the trees were cut down and weighed using a lorry scale. Additionally, multi-station TLS acquisitions of the trees were performed using a Riegl VZ-1000 at a resolution of 0.028. For each tree, three to four scan locations have been used, each resulting in a point cloud of up to 45 million points. From the co-registered point cloud, a three-dimensional cylindrical representation of the tree was extracted by using a quantitative structural model (QSM) [29] implemented in the SimpleTree plug-in for the CompuTree toolbox [30] .
The QSM fits cylindrical elements into the point cloud from which essential tree parameters such as the wood volume can be extracted. However, for the QSM to work properly, heavy filtering of the original point cloud is required to exclude noise from foliar material, moving branches due to wind or scanning artifacts ( figure 3 ). With the extensive reference values acquired, these tree parameters extracted from TLS measurements can now be validated and biomass allometries can be established for urban trees. One of the aims of the project was to derive coarse wood volume, i.e. the volume of all stem and branch parts being larger than 7 cm in diameter. Given the urban multi-station scan setting, occlusion was minimized and it was possible to estimate coarse wood volume. From the reconstructed cylinders and their topology (connections), further information can be derived, for instance branching structures and angles and the tapering of branch diameter and branch lengths. Such variables form a valuable set of morphological traits, which can be used in species classification [31] . 
Abstracting reality: sensors in the virtual domain
Ever since the early days, forestry applications of TLS faced a validation problem. DBH is quickly validated in the field using a tape measure, but it is a less sophisticated variable in respect of the general ability of TLS and the associated surveying and processing costs. When it comes to more complex variables, such as canopy cover and LAI for instance, validation is either very complex, costly, time consuming or all of those. For LAI, the most accurate approach would be destructive sampling and leaf counting and sizing, but this is impractical for larger areas or impossible for natural conservation sites. Consequently, indirect methods [13] are most often used for validation, but such attempts are merely a cross-validation. In Danson et al. [14] , the TLS-obtained angular gap fraction was compared to DHPbased estimates, and while showing high correlation, the experimental design was not suited to prove the hypothesis of a better performance of the TLS, especially so considering effects such as sun flare and bright spots negatively affecting DHPs. Hence, taking the TLS and the forest stand into the virtual domain using radiative transfer models and a detailed threedimensional representation of the vegetation canopy (e.g. as in [32] or [33] ) is a possible solution. Almost everything (e.g. LAI, biomass, wood volume) can be measured for three-dimensional models of trees and their assemblages into virtual forest stands as in figure 4 . The modelling of TLS systems and their use in different stands and survey configurations enables the testing of various environmental constraints on the measurement and to test the accuracy of different retrieval methods for a set of target variables (e.g. coarse wood volume).
The Swiss NFI is currently considering the use of TLS to provide additional information for their several thousand sampling plots all over Switzerland. To apply TLS at such a large scale, the cost-benefit ratio of the technology needs to be positively evaluated. Using too high a scan resolution or inappropriate scanner locations can result in tremendous costs. Consequently, Abegg et al. [35] used a virtual modelling set-up within the Blender software to test different scanner location patterns and scanning resolution settings in more than 2000 simulated stands. They were able to show that the scanner locations in a multi-scan design need to be evenly distributed within a plot, and not placed at the plot edges. Such simulations complement real-world experiments like the one from Wilkes et al. [36] .
On the other hand, TLS-derived information such as tree models [34] and PAI can be used to parametrize threedimensional radiative transfer models to facilitate simulation of other Earth observation data. Schneider et al. [33] used ALS-and TLS-derived voxel grids of PAI to simulate spectra of the airborne imaging spectrometer APEX [37] and were able to show good agreement between real-world measured spectra and simulated ones. Such approaches can be further extended to provide detailed simulations of the light regime within a canopy, which is highly relevant for a number of ecological processes and will increase our understanding of such. When measuring a forest plot with TLS, the quality and completeness of the data are mainly determined by the applied measurement scheme. The main goal is to reduce occlusion and reach a complete coverage among all vertical layers of the canopy. Occlusion has been identified as a major source of uncertainty in forest reconstruction [38] , but very few studies have specifically investigated occlusion in TLS data, likely because occlusion is hard to map in real-world data.
In this experiment, we applied a ray tracing-based algorithm developed by Kü kenbrink et al. [22] to map occlusion in a 1 ha forest plot. We scanned 1 ha of tropical rainforest in the Lambir Hills National Park (Sarawak, Malaysia) from 93 positions on the ground. Additionally, we performed 32 TLS scans from four platforms of a canopy crane at 24, 39, 59 and 76 m above ground. The profile in figure 5 shows parts of the canopy close to the crane (crane is at 0 m in distance, Our results show that it is crucial to have many different scan positions to maximize tree coverage in a tropical forest. Furthermore, figure 5c shows that parts of the upper canopy are occluded when scanning from the ground only. This suggests that the scans from the canopy crane mainly contribute to the coverage and quality of the data in the uppermost canopy layers. The occlusion in the top-most layers may not be too large of a problem for biomass estimation, as stems generally taper off towards the top.
However, if the data are planned to be used to derive general three-dimensional structure information, e.g. to be used in radiative transfer modelling approaches [32, 33] missing top-ofcanopy information will severely impact the comparability with other remote-sensing data acquired from above the canopy. Missing out on the top-of-canopy information in ground-based laser scanning is not only a function of occlusion by canopy material within the canopy, but also a function of distance from the scanner.
As Abegg et al. [35] showed in their simulation study, the point density above TLS scanners is the lowest when compared with all considered elevation angles and decreases with distance from the scanner. Thus, this under-sampling of the upper canopy is partly system imminent and can only be mitigated by very dense placement of scanner locations, i.e. as if the TLS was used as a vertical profiler.
Ultra-light aerial vehicle to bridge the scale gap between ground-based and airborne laser scanning
A recent development in laser scanning is the deployment of lightweight laser scanners such as the Riegl VUX-1 on UAV platforms [39] [40] [41] . These systems fall between TLS and ALS, being close to TLS in terms of resolution (i.e. point density), but closer to ALS in terms of perspective (top-down) and sampling distribution. Using Aeroscout's gas-powered helicopter as UAV platform, 12 ha of the Laegeren forest research site were surveyed on a wind-still day in March 2017, with the trees still in leaf-off condition. During the same day of the UAV laser acquisition, a ground-based TLS survey was carried out, using a Riegl VZ1000 instrument. A total of 40 scans on 20 scan locations in an area of approximately 60 Â 60 m in size were taken. About 50 reflective targets were placed within the scene, to be later used for co-registration of the scans. The single scans were co-registered using RiScan Pro and the UAV data were subsequently globally adjusted to the unified TLS point cloud.
The absolute lack of wind on that day greatly facilitated matching of finer features, such as small branches. Table 1 presents the most relevant survey settings; for more details on the UAV acquisition and processing, see [42] . Figure 6 illustrates the complementarity of TLS and UAVLS, with UAVLS not providing as many stem returns, and TLS providing less information on the upper parts of the canopy.
Flying an UAV with a large field of view low above the canopy should yield minimal occlusion, as many different viewing angles into the canopy are sampled. As figure 7 shows, this is the case. Compared with TLS, which suffers again from some occlusion towards the top of the canopy, UAVLS is able to penetrate the canopy in leaf-off conditions fully, with only very little occlusion. The leaf-on data show some more occlusion of lower canopy layers (figure 7c), but the flying altitude was higher and the flight line spacing was lower for the summer UAV data. The findings of this Figure 6 . Combination of TLS (grey-scale) and UAVLS (cyan) point clouds acquired on the same day at Laegeren Forest, Switzerland. Foliage condition was leaf-off. experiment in a temperate mixed forest agree very well with the simulation experiment from Abegg et al. [35] , who were able to show that TLS suffers from lower sampling density towards the top-of-canopy, which only can be mitigated by a large increase of the number of scans, which might come at prohibitively high costs. On the other hand, having more points does not always mean getting more information. Comparing plot-level canopy profiles of the UAV and traditional ALS data, very high correlations were observed, despite the large difference in point density of about 15 m 22 for ALS and 3200 m 22 for UAVLS [42] . This corresponds well to the ALS-based findings of Leiterer et al. [43] , who observed a saturation of information towards higher point densities and underlines the issue of dedicated experiments to test cost -benefit relationships before large-scale application of TLS technology, e.g. as in NFIs.
Summary and conclusion
TLS and the upcoming UAV-based laser scanners provide data which have the potential to revolutionize the way we assess and quantify three-dimensional vegetation structure. However, the transformation of data to information is not always straightforward and empirical approaches known from ALS will also not work in close-range laser scanning. Consequently, better use of the extensive physical information provided by the instruments is key to advance information retrieval, e.g. the voxel-based occlusion mapping can be used to aid the filtering and semantic labelling of the point clouds. However, the particular implementations in instruments also need to be considered; otherwise, we might just replace the well-known observer bias of traditional field inventories with an instrument bias.
QSMs are a promising way of abstracting the point cloud and are able to derive topological information, but the preprocessing (e.g. filtering) needed still hinders a widespread operational application of this method. But the semantic labelling done in QSMs is mandatory to derive variables such as stem and branch volume.
The validation problem for variables which are too cumbersome or costly to measure in the field (almost all except for DBH) can be overcome by three-dimensional modelling of virtual forest stands. This will help us to learn about instrument biases and to test and implement the methods needed rsfs.royalsocietypublishing.org Interface Focus 8: 20170046
to make this technology a valuable asset in the toolboxes of foresters and ecologists alike. Technology is evolving quickly and the costs, in terms of labour and hardware, of laser scanner use in forests are decreasing. There are certain limitations regarding further miniaturization of UAV laser scanners in their current form, i.e. the dependence on highly accurate inertial navigation systems. However, new technologies such as focal plane arrays, driven by the demand for self-driving cars, will become mass market products and will fuse the power of range imaging with computer vision and photogrammetric approaches, ultimately making small, self-navigating laser drones possible. Once these devices become available, the methods need to be ready to automatically convert the huge data streams into meaningful information, otherwise such drones will remain not much more than toys.
While the data collected by TLS and UAVLS are impressive, they can only be complementary to a full NFI approach, as many relevant variables, e.g. the management history of a site or the occurrence of pests, can only be determined through manual interpretation on the respective sites.
But when applied properly, laser scanning can provide objective and accurate structural measurements of semantic objects constituting the forest canopies across scales (i.e. trees, stems, branches, leaves). This will leave more time for the humans in the plot to assess the biotic variables of the forest ecosystem invisible to the laser. Hence, we see closerange laser scanning as a valuable complement to NFI approaches, but not as a replacement.
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